Introduction
High precision positioning is required in many applications including scanning probe microscopy, photonics, 
Conceptual design
The nano-manipulator includes a central stage attached to three links jointed to micro-scaled actuators by flexure hinges. The total structure is fixed to the ground via the actuators, which provide both transverse and longitudinal displacement. Schematic of the compliant mechanism is shown in Fig. 1 . Restricting unwanted motions, while operating in a specific DOF, is one of the most challengeable topics in designing the nano-positioner. This has been achieved by design and use of certain types of flexure hinges in accompany with distinctive arrangement of actuators. Two types of flexures are utilized in this compliant mechanism. First type is a simple circular hinge flexure with an out of plane axis of rotation providing in plane deflections. This flexure is used at the junction of actuators to the links. The other type of flexure hinges is created by removing the material from the mid of links and weakening them. Since axis of rotation of this kind of flexures is in-plane, it could provide out of plane motion of the stage.
Forces required to deflect the flexures are applied by actuators. Thermo-electro-mechanical actuators (TEMA) are employed in this nano-positioner, since they could (1) be integrated and fabricated in the micro-scale, (2) deliver nanometer level resolution and (3) are capable of exerting large forces. A novel two DOF and bidirectional actuator is designed and utilized for actuating the compliant manipulator. Performance and analysis of the actuator is thoroughly explored in the next section of this paper.
While TEMA operates in its longitudinal DOF, exerts a normal force to the link deflecting it in the mid, where the out of plane flexure exists. This causes the stage to displace in the out of plane directions. For achieving in plane displacements, TEMA should operate in its transverse DOF, bending in plane flexures. In this case out of plane flexures remain unchanged, since the translational forces exerted by the actuators cannot supply in plane moment required for deflecting them.
Study on the performance of the nano-manipulator
Performance of the nano-positioner highly depends on the arrangement of the actuators. In the proposed design, actuators' arrangement has made use of the maximum aptitude of the novel TEMAs for achieving one to six degree of freedom positioning. Examples of positioning of the structure are explained and depicted in Fig. 2 .
For Y axis positioning, actuators connected to two oblique links exert normal inward forces while the remained two actuators at the top pull the stage, resulting in positive Y direction motion (Fig. 2b) . The advantageous of bidirectionality and distinct arrangements of the actuators in compare with previous researches is clear here. In most of recently designed three DOF micromanipulators, a multiple of three actuators encircled the center stage, resisting it to displace in in-plane translational DOFs due to their inherent stiffness. Consequently mostly special spring type elements or links have been used deforming and permitting the stage to move in X or Y directions. In this design in contrary with prior designs, operating in the reverse direction of the translational DOF of the novel actuators pulls the stage as well as not resisting anymore.
• For Z axis positioning, all the actuators exert normal forces to links, deflecting the mid-flexures, and displacing the center stage in the Z direction (Fig. 2c ).
• For Z axis rotation, three tangential forces are exerted to the links via three of the actuators rotating it in the clockwise Z direction. Similarly, the mirrored actuators could be chosen to achieve counter clock wise rotation (Fig. 2a) .
Design and analysis of the micro actuator
Thermo-electro-mechanical actuator providing two degrees of freedom is designed to displace the compliant mechanism in both in plane and out of plane directions. This actuator is composed of two thin beams and a thick one connected to the base by a flexure. Beams are fixed at their ends, where voltage is applied. Due to the difference in length and cross-sectional area of beams, their electrical resistance differs resulting in dissimilar heat generated in the device when the voltage applied. Benefiting this principal and applying different voltage arrangements, Fig. 1 Schematic of the nano-manipulator displacement in translational and longitudinal directions is achieved. In addition, the symmetric design of the actuator has resulted in bi-directionality in the transverse DOF.
When voltage is applied to the left thin driving beam and the remained two voltages kept equal to zero, the current flowed through it, is more than the other beams and consequently the thermal strain induced in it by Joule heating is larger, which bends the structure and results in an X displacement from left to right. Similarly, when the voltage is applied to the right thin beam the actuator deflects in the X direction from right to left, proving bi-directionality of the device. Figure 3 depicts deflection and temperature profile of the designed thermo-electro-mechanical actuator in its transverse DOF.
The actuator will be able to exert force and supply displacement in its next DOF, while two voltages are applied to both of the thin beams. In this case, the device displaces in the Y direction as indicated in Fig. 4 . In order to verify results obtained via FEM method, analytical analysis of the thermo-electro-mechanical actuator is performed. For this purpose, theoretical electrical, thermal and structural modeling of the new actuator is first given and governing equations are derived.
Theoretical modeling and analysis of TEMA
In this section, modeling and analysis of thermo-electromechanical actuator in each of its DOFs is presented. Analytical and numerical results are then compared with each other that are in good agreement.
Deflection of a TEMA occurs due to different thermal strains induced in its arms by Joule heating. Consequently, to explore performance of the actuator, first, the current flowed in each beam, when voltages are applied, is derived. Next, the temperature distribution in the device is developed enabling to compute the induced thermal strain in each substructure. Finally, using Castigliano theorem, range of motion of the TEMA is obtained.
Electrical analysis
In contrary with the conventional U-beam thermal actuators, the current in this TEMA is not constant through the device and differs in each arm, because three voltage sources exist. Writing the Kirchhoff current and voltage laws in the structure, current in each beam is obtained.
where, I L , I m and I R are current flowed in the left, middle and right beams respectively. R 1 , R 2 and R 3 are electrical resistance of each branch of the structure and V L , V m and V R are voltages applied to the left, middle and right beams respectively.
Thermal analysis
For thermal modeling of the TEMA, first the Biot number, ratio of resistance to conduction with in a solid to resistance to convection-radiation, is evaluated.
where, h is an estimated worst case value of radiation-convection heat transfer coefficient (Culpepper and Anderson 2004) . L is length of the driving beam and k is the thermal conductivity coefficient. For Biot numbers of much less than unity, it is reasonable to assume a uniform temperature distribution across the solid at any time, representing a small temperature gradient in it (Moulton and Ananthasuresh 2001) . Therefore, the TEMA is decomposed into three line shape micro-beams; two thin driving beams and one thick beam attached to a flexure. Now, in order to determine effect of each of the heat transfer modes on TEMA, a lumped mass one dimensional micro-beam, in which a current flowed, is considered.
Then the heat transfer via each of convection and radiation respect to conduction in several temperatures is computed. Heat transfer via convection is less than 0.5 % of heat transfer via conduction and radiation heat transfer to conduction heat transfer increases from 1.06 at 350 K to 4.21 % in 900 K. Consequently, in this theoretical modeling, considering heat conduction as a dominant mode of heat transfer does not impose a large inaccuracy.
After validating the assumptions made in thermal modeling, heat flow equation is derived by examining differential equation of the micro-beam of length dx. Under steadystate conditions, resistive power generated in the element is equal to heat conduction out of the element.
where, J is the current density and ρ is the resistivity.
Since the designed nano-manipulator is for microscaled application compatible with the conventional (4) Bi = hL K = 100.200.10 −6 157 ∼ = 10 −6 << 1
micro-fabrication processes, polysilicon is chosen as its material and physical constants of polysilicon used in this analysis are listed in Table 1 (Incorpera and De Witt 2002) . Utilizing continuity of temperature and rate of heat conduction at tip of the actuator and joint part of flexure, temperature distribution in each arm of TEMA is obtained. Temperature profile of the TEMA in its transverse DOF as a function of the applied voltage is plotted in Fig. 5 and Comparison of temperature profiles obtained from analytical and numerical analysis for both DOFs is studied in Fig. 6a, b .
Thermal strain of each micro-beam is then computed as: 
Structural analysis
Different methods are utilized to obtain range of motion of the actuator performing in each of its DOFs. In the transverse DOF, bending is the dominant mode creating deflection while in the longitudinal DOF, axial force generates motion.
Transverse DOF
The structure of the thermal actuator is similar to a plane rigid frame with three bases fixed. This structure is statically undetermined with six degrees. To analyze this actuator, first force method is applied to obtain the six redundant of the structure as depicted in Fig. 7b . Then applying unit force method, tip deflection of the actuator is derived.
In force method, stored elastic energy in the structure is first computed as a function of six redundant. Then applying boundary conditions and solving the following simultaneous equations, indeterminacies of the structure are obtained.
where, f ij = ∂U ∂X i ∂X j , U is the stored elastic energy, X i is the ith redundant and ΔL L , ΔL R are thermal strain induced by Joule heating in the left and right micro beams, respectively.
According to the unit force method, virtual work principal (Zbikowsh et al. 1994) , tip displacement of the actuator is derived using: 
Longitudinal DOF
For the next DOF of the structure another method is applied to obtain tip displacement, since the dominant mode of deflection is axial strain instead of bending (Fig. 6c) . Solving compatibility equations and Newton law simultaneously internal forces in the structure is obtained:
δy B , δy C and δy E are elastic strains in each arm of the TEMA resulted from combination of thermal strain and axial structural strain. Tip deflection of the TEMA in its longitudinal DOF is then derived from
Comparison of tip displacement derived from analytical and numerical analysis in transverse and longitudinal DOFs are plotted in Fig. 8. 
Identification of nano-manipulator
Forward and inverse kinematic of the presented nanomanipulator is identified employing neural network concept. For training the system, data sets obtained via FEM solution are used.
Since in this design six actuators are integrated having two separate modes of operation, twelve input parameters exist while six output parameters indicate the stage's position; U x , U y , U z , Θ x , Θ y , Θ z . Hence for forward kinematic, mapping is from the input voltages space R 12 to the stage positions space R 6 and in reversely for the inverse kinematic mapping is from R 6 to R 12 . From the classical mathematical theorem it is known that.
Theorem 1 For any continuous mapping f: R n → R m , there must exist a three-layer neural network having an input layer with n processing elements, a hidden layer with (2n + 1) processing elements, and an output layer with m processing elements that implement f exactly (Zbikowsh et al. 1994) .
This theorem shows that neural networks can approximate any function in the real world. For identification of the nano-manipulator since the position of the stage is a continuous function of the input voltages, a three layer neural network is used. More layers introduce more freedom but greatly increase complexity and reduce convergence rate. Then following the detailed universal approximator in Theorem 2 activation functions are chosen.
Theorem 2 where S(ϭ) is a set of functions in the form of
. Thus a hyperbolic tangent sigmoid transfer function is selected as the activation function of this neural network. Figure 9 depicts a schematic of the neural network utilized for identification of the forward kinematic; A three layer neural network with 12 neurons in the input layer, 25 neurons in the hidden layer and 6 neurons in the output layer and two hyperbolic tangent sigmoid functions and a pure linear function for the output layer.
In order to verify performance of the neural network, four data sets gained from FEM solution were put aside while training the network. Figures 10 and 11 indicate stage's translational and rotational positions due to the applied input voltages once obtained from the FEM solution and once from the trained neural network. As clarified in the following figures precise estimation of positioning of (13) the stage is done using a well trained neural network that can replace time-consuming analytical or numerical solutions or expensive experimental setups. Similarly for identification of the inverse kinematic of the nano-manipulator a three layer network with hyperbolic tangent sigmoid activation functions is trained in order to obtain the voltages required to be applied to the base of the actuators for reaching a desired stage position. Figure 11 demonstrates the agreement between the neural network response and the FEM solution. Fig. 9 Schematic of the neural network used in forward kinematic identification of the nanomanipulator Fig. 10 Performance study of neural network in identifying translational outputs of the nanomanipulator Fig. 11 Performance study of neural network in identifying rotational outputs of the nanomanipulator As it is clear in Fig. 12 , neural network is beneficial in identification of the inverse kinematic giving us a method to obtain what arrangement of voltages are required to displace the center stage to a desired position.
Conclusion
A novel micro-scale nanopositioner capable of positioning in all six degrees of freedom was designed. Since rigid-link mechanisms with traditional joints cannot be extended to micro scale applications and are not able to achieve sub micron accuracy, compliant mechanism concept comprising of flexure hinges was opted for designing the nanopositioner. In flexure hinge mechanisms, friction, backlash and wear are eliminated increasing its accuracy. In addition, the monolithic pattern of the compliant mechanism has simplified its production by conventional micro-fabrication processes. 
